engrailed and dpp in adjacent domains during molluscan shell development suggests a conserved compartment boundary mechanism
Introduction
For many genes involved in developmental processes, more and more comparative data become available. From these data, it is becoming evident that in groups of very diverse animals, many genes share the same function. Examples are the Hox genes involved in anterior/posterior patterning (Gellon and McGinnis 1998) , and the Pax-6 genes involved in eye development (Callaerts et al. 1997; Gehring and Ikeo 1999) .
The same holds for the engrailed homeodomain transcription factor. The engrailed gene was first found in Drosophila to control segmentation (Kornberg 1981) , limb development (Loomis et al. 1996; Logan et al. 1997 ) and nervous system development (Lundell et al. 1996; Bhat and Schedl 1997; Siegler and Jia 1999) . Subsequently, it was found to have similar roles in other animals, such as other arthropods (Patel et al. 1989; Manzanares et al. 1993; Condron et al. 1994; Rogers and Kaufman 1996; Abzhanov and Kaufman 2000) , onychophorans (Wedeen et al. 1997) , annelids (Patel et al. 1989; Wedeen and Weisblat 1991; Seaver et al. 2001) , echinoderms (Lowe and Wray 1997) as well as chordates (Joyner 1996; Holland et al. 1997) .
Surprisingly, molluscs do not seem to fit this general picture. In molluscs engrailed is expressed in tissues involved in embryonic shell formation. Expression, either of mRNA, protein, or both was found in cells at the margin of the embryonic shell in the gastropod Ilyanassa obsoleta (Moshel et al. 1998) , the scaphopod Antalis entalis (Wanninger and Haszprunar 2001) , the bivalve Transennella tantilla (Jacobs et al. 2000) and the polyplacophoran Lepidochitona caverna (Jacobs et al. 2000) . However, as no experiments have been done to interfere with engrailed function during shell development and no downstream targets of the gene in molluscs are known, the exact role of engrailed in shell formation remains unclear. It therefore is a question how engrailed became co-opted for the process of molluscan shell formation. Jacobs et al. (2000) made the observation that engrailed expression is associated with skeletogenesis in several animals and hypothesized that this might be the ancestral role of the gene.
In this paper we provide an alternative hypothesis, based on our findings on the expression of a Patella ortholog of dpp-BMP2/4. Drosophila dpp and the vertebrate homologs BMP2/4 are genes that belong to the transforming growth factor-β (TGF-β) family of secreted polypeptides. This family has many members that are involved in diverse processes during animal development (Hogan et al. 1994; Nakayama et al. 2000) . One of the roles dpp-BMP2/4 genes play is in dorso-ventral axis specification in vertebrates as well as insects (Holley et al. 1995; De Robertis and Sasai 1996; Arendt and Nübler-Jung 1997) . Originally we wanted to test whether the role of these genes in dorso-ventral axis specification might be conserved in molluscs. We thus investigated the presence and spatio-temporal expression of a dpp-BMP2/4 ortholog in Patella. Unexpectedly, we found the gene to be expressed in the ectoderm near the shell, surrounding the cells expressing the Patella engrailed ortholog.
Based on these data and on data in the literature, we suggest that engrailed and dpp are involved in setting up a compartment boundary during shell development in molluscs. This points to an ancestral role for the engrailed gene in compartment boundary formation.
Materials and Methods
Cloning of Pv-en and Pv-dpp To clone the engrailed gene of Patella vulgata, we designed degenerated PCR primers based on the conserved domains of the engrailed class genes. PCR was performed on cDNA of 40-cell stage embryos with primers Eng-1 (sequence ATGGAATTCCNGCNTGGGTNT-WYAC, recognizing amino acid sequence PAWV(Y/F)CT) and Eng-4 (sequence TGGAAGCTTRTANARNCCYTSNGCCAT, recognizing MA-(E/Q)GLYN) in a 50 µl PCR containing 1x PCR buffer (10 mM Tris-HCl pH 8.3, 3.0 mM MgCl 2 , 50 mM NaCl, 0.01% (w/v) tween-20, 0.01% (w/v) NP40 and 0.01% (w/v) gelatine), 0.2 mM dNTPs (Amersham Pharmacia Biotech), 50 pmol of each primer and 0.005 units/µl SuperTaq (HT Biotechnology), with cycle parameters 10 min. 95 °C after which the enzyme was added, 35 cycles of 1 min. 95 °C, 2 min. 47 °C, 1 min. 72 °C followed by a final 7 min. 72 °C. Nested PCR was performed on 1 µl of this reaction under the same conditions with primers Eng-2 (sequence AGCGAATTCAARMGNCCNMGNACNDSNTT, recognizing KPPRT(A/S)F) and HelIII-reverse (sequence ATCAAGCTTW-TTYTKRAACCANAYYTTNAYYTG, recognizing Q(I/V)K(I/V)WF(K/Q)N). A 16 hrs λgt11 cDNA library (van Loon et al. 1995) was screened with the resulting PCR fragment according to Sambrook et al. (1989) . This resulted in a 1.4 Kb cDNA whose sequence contained an incomplete open reading frame (ORF) similar to other engrailed genes. Subsequently, an EcoRI digestion fragment of this cDNA was used to screen a new 16 hrs (trochophore larva) λZap cDNA library, constructed from 5 µg poly A + RNA following the manufacturers instructions (Stratagene). The resulting 1.8 Kb clone was completely sequenced on both strands.
The dpp gene of Patella was cloned by a similar approach. PCR was performed on 10 ng genomic DNA with degenerated primers DPPW3 (sequence GAYTTYTCNGAYGTNGGNTGG, recognizing amino acid sequence DFSDVGW) and DPPC1 (sequence GTCATNTCYTGRTARTTY-TT, recognizing KNYQ(E/D)MT) under similar conditions as for the engrailed PCR, with cycle parameters 10 min. 95 °C after which the enzyme was added, 35 cycles of 1 min. 94 °C, 1 min. 50 °C, 1 min. 72 °C followed by a final 10 min. 72 °C. Nested PCR was performed on 1 µl of this reaction under the same conditions with primers DPPW2 (sequence GAYGAYTGGATHGTNGCNCC, recognizing DDWIVAP) and DPPC1. The 16 hrs λzap cDNA library was screened with the resulting PCR fragment. This resulted in a 2.8 Kb cDNA that was completely sequenced on both strands. Figure 1 : Pv-en, the Patella vulgata ortholog of engrailed A) Nucleotide and deduced amino acid sequence of Pv-en. The conserved engrailed domains indicated in grey and labelled EH1-EH5. The in-frame termination codon upstream of the putative start codon is depicted in bold, an asterisk marks the putative stop codon, and two consensus polyadenlyation signals are underlined. B) Comparison of the conserved engrailed domain sequences of Pv-en with those of other engrailed class proteins. For a selection of all known engrailed genes for which more than the homeobox sequence (EH4) is known, the domains EH1 -EH5 are shown. Additionally, the sequences between EH2 and EH3, where present, are shown (labelled 'RS'). A dash indicates an amino acid residue identical to Pv-en, a dot a gap introduced to optimise the alignment. Absence of sequences indicates that these domain sequences have not been determined. Vertebrate sequences are highly similar, therefore only the mouse sequences are shown. Protein pairwise identity scores are given for the homeobox 
Embryo fixation and in situ hybridisation
Embryos were fixed and stored and in situ hybridisation was performed as described in chapter 2. Digoxigenin labelled RNA probes were synthesized from PCR products using the DIG RNA labelling kit (Roche). For Pv-en, the 1.4 Kb cDNA was used. For Pv-dpp, a 1.3 Kb probe spanning the 5' part of the cDNA was used.
Figure 1 (continued) (SSPA %1) and for all the domains together (SSPA %2 
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Results
The engrailed and dpp-BMP2/4 genes of Patella vulgata We obtained a PCR fragment of the Patella vulgata ortholog of engrailed by performing a nested PCR with degenerated PCR primers on genomic Patella DNA. This fragment was used to screen a Figure 2 : Pv-dpp, the Patella vulgata ortholog of dpp-BMP2/4 A) Nucleotide and deduced amino acid sequence of Pv-dpp. The TGF-β domain is indicated in grey. The in-frame termination codon upstream of the putative start codon is depicted in bold, an asterisk marks the putative stop codon and the consensus polyadenlyation signal is underlined. B) Comparison of the TGF-β domain sequences of Pv-dpp with those of other dpp-BMP2/4 proteins. A dash indicates an amino acid residue identical to Pv-dpp, a dot a gap introduced to optimise the alignment. Absence of sequence indicates that the corresponding part of the domain sequence has not been determined. Vertebrate sequences are highly similar, therefore only the mouse sequences are shown. Protein pairwise identity scores are given for the TGF-β domain (SSPA). The species represented with gene name and accession number in parenthesis are: the molluscs Patella vulgata (AF440097), Haliotis tuberculata (BMP2/4, CAB63656) and Sepia officinalis (BMP2/4, CAB63704); the arthropods Drosophila melanogaster (dpp, AAF51250), Gryllus bimaculatus (dpp, BAB19659), Junonia coenia (dpp, AAB46367), continued on next page A trochophore stage (16 hrs) cDNA library, which resulted in a cDNA clone that appeared to contain an open reading frame (ORF) coding for an engrailed-like gene. However, this ORF was not complete, as part of the homeodomain was lacking and the most amino-terminally located conserved engrailed domains (see below) were missing. We then used this fragment to screen a new trochophore cDNA library, resulting in a clone that contained all conserved engrailed domains. The sequence of this cDNA is shown in figure 1A . It comprises 1827 nucleotides with 
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an initiator methionine at position 65, the surrounding sequence of which closely follows the consensus translation initiation site as determined for molluscan sequences (Mankad et al. 1998) . There is an in-frame termination codon at position 680, followed by an 1126 bp 3' untranslated region (UTR). Close to the 3' end, as well as further upstream are two consensus polyadenylation signals (underlined in figure 1A ). There is also an in-frame termination codon upstream of the initiator methionine (TGA at position 30), indicating that the clone contains a complete ORF. The deduced protein sequence of this ORF is 205 amino acids long and database searches showed that it is most similar to the engrailed class of homeobox genes. We concluded that this gene was a Patella vulgata ortholog of engrailed and called it Pv-en. Earlier, five conserved domains, called EH1-EH5, have been determined in engrailed genes (Ekker et al. 1992) ; (Logan et al. 1992; Hui et al. 1992 ) one of these, EH4, is the homeobox. These domains are present in Pv-en (indicated in grey in figure 1A ). Several fragments of engrailed genes have been determined in molluscs (Wray et al. 1995) but this is the first time a full-length cDNA for engrailed is described for a mollusc. The sequence of Pv-en has been deposited in GenBank under accession number AF440096. A comparison of Pv-en with a representation of the EH-domains of other engrailed class genes is shown in figure 1B . The second domain (EH2) is the most conserved. The Drosophila engrailed-like gene invected (Drosophila inv) has an arginine-serine (RS) sequence inserted between EH2 and EH3, which is taken as a hallmark for the invected type of engrailed class genes (Hui et al. 1992) . Some engrailed genes of other species also have this insertion, but not Pv-en. Protein pairwise similarity scores for all domains together and for the homeobox (EH4) separately were determined via SSPA (http://giotto.stanford.edu/~luc-iano/sspa.html). This analysis avoids bias due to different protein lengths (Brocchieri and Karlin 1998) . The pairwise similarity scores show a high percentage of similarity for the homeodomain (73% to 85%) and for the combined domains (64% to 82%) for Pv-en compared with the other genes ( fig. 1B) . Pv-en is most identical to the engrailed gene of the polychaete annelid Chaetopterus (Seaver et al. 2001) .
In an approach similar to that used to clone Pv-en, we obtained a cDNA that upon sequencing contained an open reading frame of a putative dpp-BMP2/4 gene. The cDNA is 2871 nucleotides long, with a start methionine at position 458 and a stop codon at position 1679 ( fig. 2A) . The 5' UTR comprises 457 nucleotides and contains an inframe termination codon (TAA) at position 422 indicating that the clone contains a complete ORF. The 3' UTR is 1188 nucleotides and contains one consensus polyadenylation signal (underlined in fig. 2A ). The deduced protein sequence of the ORF ( fig. 2A ) is 407 amino acids long and contains a TGF-β domain (Daopin et al. 1992 ) that is most similar to that of dpp-BMP2/4 proteins. We concluded that this gene was a Patella vulgata ortholog of dpp-BMP2/4 and called it Pv-dpp. This is the first time that a full-length cDNA for a dpp-BMP2/4 gene is described for molluscs or any other lophotrochozoan protostome. The sequence of Pv-dpp has been deposited in GenBank under accession number AF440097.
We compared the TGF-β domain of Pv-dpp with the same domains of a representation of other dpp-BMP2/4 genes and determined their protein pairwise similarity scores ( fig. 2B ). Chordate and hemichordate sequences showed the highest similarity scores with Pv-dpp (80% or more), lower scores were found for the other sequences (62% to 79%) and the nematode sequence showed the lowest score (54%) (fig. 2B ).
Expression of Pv-en and Pv-dpp during larval development
We studied the spatio-temporal expression of Pv-en and Pv-dpp during larval development with whole-mount in situ hybridisation using digoxigenin labelled riboprobes. In all in situ hybridisation experiments the staining was perinuclear. Figure 3 shows a schematic representation and a scanning electron micrograph of the Patella trochophore larva. Figure 4 shows the expression of Pv-en in 12 -20 hrs old trochophore larvae. At 12 hrs of development, the young trochophores showed two distinct sites of expression, two single ectodermal cells in the postero-dorsal region, one located left, the other right of the anterior/posterior axis ( fig. 4A ) and a few ectodermal cells in the anterior region ( fig. 4A, B) . At 16 hrs, expression was found scanning electron micrograph, dorsal view, of an 18 hrs old trochophore. The ectodermal region that will form the shell consist of a central part, that becomes the flattened mantle epithelium with overlying it the actual shell (sh), and a peripheral zone, the mantle edge (me) that performs shell growth (see Raven (1966) and Kniprath (1981) for reviews). In B, the region of the embryo where the prototroch is located is indicated with dashed lines. Abbreviations: at -apical tuft; ftfoot; me -edge of the mantle epithelium; pt -prototroch, sh -embryonic shell; st -stomodaeum. Drawing and picture courtesy of Peter Damen.
in ectodermal cells that were scattered in the middle of the posterodorsal region of the embryo (fig. 4C) . The staining at the anterior side was much weaker than at 12 hrs and was limited to two cells located left and right of the apical tuft ( fig. 4C, D) . At 20 hrs of development the postero-dorsal ectoderm showed a circular band of stained cells that was open at the anterior side ( fig. 4E ). The location of these cells corresponded with the cells of the so-called mantle edge ( fig. 3, fig. 4E ) that form the embryonic shell (Harrison 1991) . At the anterior side, two cells adjacent to the apical tuft were expressing Pv-en ( fig. 4E, F) . Figure 5 shows the Pv-dpp expression pattern. At 12 hrs of development, a few Pv-dpp expressing ectodermal cells in the postero- dorsal region were detected ( fig. 5A ), together with Pv-dpp expression in cells in the anterior ectodermal region ( fig. 5A, B) . The 16 hrs trochophore showed a half circle of Pv-dpp expressing cells in the postero-dorsal ectoderm, with the open side towards the anterior ( fig.  5C ). In addition, two patches of three cells each were found in the ectoderm of the anterior region, located dorso-left and dorso-right in the region between the apical tuft and the prototroch ( fig. 5C, D) . At 20 hrs, a full circular band of Pv-dpp expressing cells was detected in the postero-dorsal ectoderm ( fig. 5E ). The anterior staining at this stage consisted of two rows of cells, located dorsally, left and right between the apical tuft and the prototroch ( fig. 5E, F) . In addition, expression of Pv-dpp was found in cells around the stomodaeum (fig. 5G ). In order to determine whether, in the posterior ectoderm, Pv-en and Pv-dpp were expressed in the same or in different cells, double labelling in situ hybridisations were performed. As we did not have a suitable protocol to achieve different staining colours for each probe, we performed hybridisations with the Pv-en and Pv-dpp probes simultaneously and stained as usual. This way, co-expression of both genes in the same cells would result in overlap and more intense staining, whereas expression in non-overlapping cells would result in more cells stained than observed in either single in situ hybridisation, with similar intensity as in the single in situ hybridisations. Figure 6 shows the results of this approach for the 20 hrs old trochophore. For comparison, Pv-en ( fig. 6A ) and Pv-dpp ( fig. 6B ) hybridised embryos are shown in the same orientation as the double hybridised embryo ( fig.  6C ). This shows that the Pv-dpp expression ( fig. 6B ) is in non-adjacent cells that are located more to the posterior then the Pv-en expression ( fig. 6A ). The double staining shows the two expression patterns together with more cells stained than in either single staining ( fig. 6C ). An anterior view of the same embryo ( fig. 6E) shows that the anterior Pv-dpp expression is located more dorsally relative to the Pv-en expression.
These results clearly indicate that the Pv-en expression is located more to the centre, i.e. at the edge of the embryonic shell, and that the Pv-dpp expression is adjacent to the Pv-en expression, located more to the periphery, i.e. in the adjacent, non-shell forming ectoderm. Figure  6D shows a schematic representation of the in situ hybridisation patterns in the postero-dorsal ectoderm superimposed on a scanning electron micrograph of an 18 hrs old trochophore larva.
Discussion
The expression we showed of Pv-en in the mantle edge during larval development in Patella vulgata corroborates earlier observations that engrailed genes are expressed in cells involved in embryonic shell formation in molluscs (Moshel et al. 1998; Jacobs et al. 2000; Wanninger and Haszprunar 2001) . Furthermore, we showed that directly outside the shell domain where cells express Pv-en is a layer of non-shell forming cells expressing Pv-dpp, a Patella vulgata ortholog of dpp-BMP2/4. In between the gene expression domains is the boundary between the shell and the adjacent ectoderm.
Expression of engrailed and dpp in adjacent domains have also been found at the anterior/posterior compartment boundary in the Drosophila wing imaginal disc (Lawrence and Struhl 1996) . The role of these genes at this boundary has been studied extensively (for reviews see Lawrence and Struhl 1996; Dahmann and Basler 1999) . Engrailed positive cells remain on the posterior side of the boundary and will not cross it (Morata and Lawrence 1975; Lawrence and Struhl 1982) . They signal across the boundary and induce dpp in a few cells in the anterior compartment, next to the compartment border (Basler and Struhl 1994) . The Dpp protein is secreted and acts as a morphogen that patterns the whole wing disc (Podos and Ferguson 1999; Teleman and Cohen 2000) . Together, engrailed and dpp set up and maintain the anterior/posterior boundary of the wing disc (Lawrence and Struhl 1996; Dahmann and Basler 1999) . A similar mechanism for boundary formation involving engrailed plays a role in segmentation in the fly (Gritzan et al. 1999; Piepenburg et al. 2000) and in dorso-ventral boundary formation during vertebrate limb bud development (reviewed in Hidalgo 1998). The situation in Patella with Pv-en and Pv-dpp on opposite sides of a compartment boundary is comparable to that in the Drosophila wing disc: Pv-en is expressed on one side, in the developmental compartment involved in shell formation (the mantle edge), and Pv-dpp on the other side, in the non-shell forming adjacent ectoderm.
Cells within a developmental compartment are often interconnected via gap junctions, forming a so-called communication compartment (Schmidt-Ott et al. 1994) . Gap junctions are channels that allow diffusion of small molecules between connected cells, making direct cell-to-cell communication possible (Schmidt-Ott et al. 1994 ). Experimentally, gap-junctional communication can be detected by injecting small fluorescent dyes (e.g. Lucifer Yellow) into a single cell and monitoring the spread of this dye, through gap junctions, to adjacent cells. Earlier research in our lab has shown gap-junctional communication between cells of the mantle edge (Serras et al. 1989) . Within the mantle edge, injected dye spread freely between the cells, but no spread of dye was found between the mantle edge and the surrounding ectoderm (Serras et al. 1985) . This implies the presence of a communication compartment boundary between the edge of the embryonic shell (the mantle edge) and the adjacent ectoderm. Our analysis of the expression of Pv-en and Pv-dpp indicates that Pv-en is expressed on one side of this communication compartment boundary, in the mantle edge, and Pv-dpp on the other side, in the surrounding ectoderm.
Notably, in insects, the boundary between the engrailed expressing posterior and dpp expressing anterior portions of the wing disc epithelium is not only a developmental (Garcia-Bellido et al. 1973 ) but also a communication compartment boundary (Weir and Lo 1982) , as are Drosophila segment boundaries (Warner and Lawrence 1982; Blennerhasset and Caveney 1984) . This was again shown with dye injection experiments, which indicated reduced (but not total lack of) gap-junctional communication at the anterior/posterior (AP) border of the wing disc (Weir and Lo 1982; 1984; 1985) . Thus, engrailed and dpp, as well as Pv-en and Pv-dpp, are expressed on opposite sides of a developmental compartment boundary that also is a communication compartment boundary.
We propose that the role Pv-en and Pv-dpp play in Patella shell development is similar to the role engrailed and dpp play at the anterior/posterior boundary in Drosophila wing imaginal discs. Whereas in the wing disc engrailed and dpp are involved in setting up and maintaining the anterior/posterior boundary, in shell development they are concerned with the boundary between the shell forming mantle edge and the surrounding ectoderm. Based on our hypothesis, we expect dpp orthologs to be expressed next to the engrailed expressing cells at the border of the shell in the other molluscs where engrailed has been implicated in shell development.
The anterior expression domains of Pv-en and Pv-dpp show that the two genes also have roles independent of each other. Both genes are expressed in the anterior region of the larva, but in non-overlapping, non-adjacent cells. Pv-en is expressed adjacent to the apical tuft and expression of Pv-dpp was found in cells located more posterior than the Pv-en cells. This excludes involvement of these genes in boundary formation in the anterior region.
A similar expression domain of an engrailed ortholog in the cells next to the apical tuft of a trochophore larva has not been reported in studies on engrailed expression in other molluscs (Jacobs et al. 2000) . However, in the trochophore larva of the polychaete annelid Chaetopterus, engrailed expression was detected besides the apical tuft (Moshel et al. 1998; Wanninger and Haszprunar 2001; Seaver et al. 2001) . This difference could be due to technical reasons such as different probe lengths (around 1200 bp in this study and that of Seaver et al (2001) , but only around 200 bp in the other molluscan studies) or sensitivity of the protocols used. It cannot be ruled out, however, that the expression of Pv-en besides the apical tuft is unique to Patella.
The apical tuft, an anterior organ bearing long cilia ( fig. 3A) , is a larval sensory organ (Kempf et al. 1997; Hadfield et al. 2000) . It has been proposed that engrailed genes are ancestrally involved in nervous system development (Patel et al. 1989; Holland et al. 1997; Lowe and Wray 1997; Bhat and Schedl 1997) and we therefore speculate that the cells expressing engrailed are involved in the formation of neuronal cells associated with the apical sensory organ.
The region of the larva anterior to the prototroch is the future head area of the larva and adult. Dictus and Damen (1997) performed celllineage analysis of the Patella embryo and showed that the head area is formed from contributions of the 1a, 1b, 1c and 1d blastomeres of the eight-cell stage embryo. Figure 5H shows the contribution of these blastomeres to the head area, i.e. anterior of the prototroch, and the location of the Pv-dpp expressing cells. From this comparison, it can be seen that the two areas of Pv-dpp expressing cells belong to the progeny of the 1a and 1c cells, respectively. As eyes in gastropods are formed from the 1a and 1c cells (Clement 1967; Render 1991) and dpp in Drosophila (Pignoni and Zipursky 1997) as well as BMP4 in vertebrates (Furuta and Hogan 1998) are involved in eye formation, we speculate that the Pv-dpp expressing cells are involved in the formation of the eyes in the trochophore larva.
A second domain of Pv-dpp expression that is not associated with Pv-en is at 20 hrs, but not earlier, in cells surrounding the stomodaeum (future mouth), which is located ventrally in the trochophore larva. While gut expression has been reported for dpp in Drosophila (Takashima and Murakami 2001) and vertebrates (Bitgood and McMahon 1995) , no expression in the stomodaeum has been shown for these genes thus far. It therefore remains a question what role Pv-dpp could have in the cells surrounding the stomodaeum.
In an attempt to reconcile the engrailed expression during shell formation in molluscs with the role of engrailed in other animals, Jacobs et al. (2000) proposed that engrailed genes play a role in skeletogenesis. They based this hypothesis on the observation that engrailed is expressed at segment boundaries that are the boundaries of the later exoskeleton in arthropods (Drosophila, see above), in cells delimiting regions of exoskeleton formation, such as shells and spicules, in molluscs (Jacobs et al. 2000) and in cells bounding the later formed spine ossicles in echinoderms (Lowe and Wray 1997). Jacobs et al. (2000) then argue that loss of ectodermal engrailed expression is associated with the loss of exoskeletal elements (in other deuterostomes, annelids and onychophorans). Jacobs et al. (2000) concluded that the function of engrailed is in skeletogenesis and that invertebrate skeletons had a single evolutionary origin in the bilaterians. This hypothesis, however, mainly revolves around negative arguments, namely absence of skeleton associated with absence of ectodermal engrailed expression, making the inference of the ancestral function for engrailed a weak one. It is just as likely that its association with exoskeleton formation is a convergent aspect of engrailed genes.
Our alternative hypothesis on a role in compartment boundary formation is a straightforward one. The reason that we find engrailed associated with molluscan shell formation and in other animals in structures involved in the formation of skeletal elements, is that for the these structures compartment boundaries need to be set up. One of the genes that can be used for forming these boundaries is engrailed.
Evolutionarily, it is not difficult to imagine how engrailed became involved in shell formation in molluscs. Once genes such as engrailed, dpp and others had evolved to set up compartment boundaries during development, these genes could easily be employed for different processes where boundaries needed to be set up. These include the anterior/posterior boundaries of segments and wings (Dahmann and Basler 1999) , boundaries in the developing hindgut (Takashima and Murakami 2001) and genital discs (Emerald and Roy 1998) in Drosophila, the dorsal-ventral boundary of the vertebrate limb (Hidalgo 1998) , the boundary around skeletal element forming cells of echinoderm ossicles (Lowe and Wray 1997) and finally the boundary around the embryonic shell of molluscs.
